The rise of insect societies, marked by the formation of reproductive and sterile castes, represents a major unsolved mystery in evolution. Across several independent origins of sociality, the genomes of social hymenopterans share two peculiar attributes: high recombination and low but heterogeneous GC content. For example, the genome of the honey bee, Apis mellifera, represents a mosaic of GC-poor and GC-rich regions with rates of recombination an order of magnitude higher than in humans. However, it is unclear how heterogeneity in GC content arises, and how it relates to the expression and evolution of worker traits. Using population genetic analyses, we demonstrate a bias in the allele frequency and fixation rate of derived C or G mutations in high-recombination regions, consistent with recombination's causal influence on GCcontent evolution via biased gene conversion. We also show that recombination and biased gene conversion actively maintain the heterogeneous GC content of the honey bee genome despite an overall A/T mutation bias. Further, we found that GC-rich genes and intergenic regions have higher levels of genetic diversity and divergence relative to GC-poor regions, also consistent with recombination's causal influence on the rate of molecular evolution. Finally, we found that genes associated with behavior and those with worker-biased expression are found in GC-rich regions of the bee genome and also experience high rates of molecular evolution. Taken together, these findings suggest that recombination acts to maintain a genetically diverse and dynamic part of the genome where genes underlying worker behavior evolve more quickly. E usociality, characterized by reproductive division of labor and cooperative brood care, independently evolved multiple times in insects (1). The causes for this major evolutionary transition have been intensely debated (2, 3). Although kin-selection theory provides a general mechanism whereby altruistic and cooperative behaviors can evolve (4), we still lack an understanding of how the genomes of social organisms modulate the expression and evolution of phenotypically distinct castes. Previous studies have uncovered two unusual properties of social hymenopteran genomes. Eusocial hymenoptera have the highest recombination rates of any group in the Animalia (5-7), and the honey bee, Apis mellifera, has the highest recombination rate recorded in higher eukaryotes (19 cM/Mb) (8-10). Eusocial hymenoptera also have low but heterogeneous GC content (11-13). Moreover, the honey bee genome exhibits a remarkable degree of heterogeneity in recombination rates (10) and GC content (12, 13), and the two show a great deal of covariance (10).
The rise of insect societies, marked by the formation of reproductive and sterile castes, represents a major unsolved mystery in evolution. Across several independent origins of sociality, the genomes of social hymenopterans share two peculiar attributes: high recombination and low but heterogeneous GC content. For example, the genome of the honey bee, Apis mellifera, represents a mosaic of GC-poor and GC-rich regions with rates of recombination an order of magnitude higher than in humans. However, it is unclear how heterogeneity in GC content arises, and how it relates to the expression and evolution of worker traits. Using population genetic analyses, we demonstrate a bias in the allele frequency and fixation rate of derived C or G mutations in high-recombination regions, consistent with recombination's causal influence on GCcontent evolution via biased gene conversion. We also show that recombination and biased gene conversion actively maintain the heterogeneous GC content of the honey bee genome despite an overall A/T mutation bias. Further, we found that GC-rich genes and intergenic regions have higher levels of genetic diversity and divergence relative to GC-poor regions, also consistent with recombination's causal influence on the rate of molecular evolution. Finally, we found that genes associated with behavior and those with worker-biased expression are found in GC-rich regions of the bee genome and also experience high rates of molecular evolution. Taken together, these findings suggest that recombination acts to maintain a genetically diverse and dynamic part of the genome where genes underlying worker behavior evolve more quickly. E usociality, characterized by reproductive division of labor and cooperative brood care, independently evolved multiple times in insects (1) . The causes for this major evolutionary transition have been intensely debated (2, 3) . Although kin-selection theory provides a general mechanism whereby altruistic and cooperative behaviors can evolve (4), we still lack an understanding of how the genomes of social organisms modulate the expression and evolution of phenotypically distinct castes. Previous studies have uncovered two unusual properties of social hymenopteran genomes. Eusocial hymenoptera have the highest recombination rates of any group in the Animalia (5-7), and the honey bee, Apis mellifera, has the highest recombination rate recorded in higher eukaryotes (19 cM/Mb) (8) (9) (10) . Eusocial hymenoptera also have low but heterogeneous GC content (11) (12) (13) . Moreover, the honey bee genome exhibits a remarkable degree of heterogeneity in recombination rates (10) and GC content (12, 13) , and the two show a great deal of covariance (10) .
We find the association between the evolution of eusociality and the evolution of high recombination rates intriguing because recombination has a well-established causal effect on GC-content evolution (14) (15) (16) (17) (18) (19) (20) , the rate of molecular evolution (18, 21, 22) , and the efficiency of natural selection (23) (24) (25) (26) (27) (28) . Recombination affects GC-content evolution in eukaryotes through biased gene conversion (bGC) (14) , a phenomenon arising from biases in the mismatch repair mechanism during homologous recombination, which slightly favors G/C alleles over A/T alleles. We conducted an integrative analysis that combined population genetic, molecular evolution, genomic, and transcriptomic studies of the honey bee to explore the relationship between recombination, GCcontent evolution, molecular evolution, and social behavior.
Several lines of evidence suggest that recombination drives the evolution of GC content in A. mellifera, as it does in other eukaryotes. Current recombination rates (estimated by comparing the honey bee's genetic and physical maps) and GC content are positively correlated over 125-250 kb windows in the bee's genome (10) , similar to other organisms (14) . Moreover, analysis of meiotic products indicates that the frequency of gene conversion events without crossover are an order of magnitude more common in the honey bee than crossover events, and that the rates of crossover and noncrossover events are correlated (8) . We hypothesized that recombination drives the evolution of GC content in the honey bee genome through biased gene conversion. Using several published population genetic datasets (29-32; hereafter referred to as Sanger data, SNP data, and Baylor data; Materials and Methods), we contrasted patterns of polymorphisms and fixations in the honey bee to the "gold-standard" predictions of bGC (14): (i) G/C (strong, S) mutations segregate at higher frequency relative to A/T (weak, W) mutations; (ii) G/C mutations fix at higher frequency relative to A/T mutations; (iii) the bias in allele frequency and fixation of G/C mutations is found across different classes of sites in the genome; and (iv) the bias in allele frequency and fixation of G/C mutations is strongest in regions with high recombination rate quantified at an evolutionary relevant timescale.
In addition to its effects on GC-content evolution, recombination is also known to causally affect both the level of genetic diversity and divergence (18, 21, 22) , and a previous study by Beye et al. (10) demonstrated a trend between current recombination rates and genetic diversity at several intronic sequences in the honey bee. Using population genetic and molecular evolution analyses, we examined whether GC content is also associated with nucleotide diversity and divergence across the honey bee genome, as would be expected if recombination concurrently affects GC content and the pace of molecular evolution. We also investigated if GC-rich genes were associated with aspects of social behavior, by examining whether such genes are enriched for specific functions related to behavior and whether they show differential patterns of expression among reproductive and worker castes in the honey bee, as elucidated in several microarray experiments (33, 34) . strong), S→W (ancestral strong, derived weak), or N (W→W or S→S). W→S mutations in A. mellifera segregate at intermediate or high frequency, relative to S→W mutations at synonymous, intronic, and intergenic sites (Fig. 1, Fig. S2 , Sanger and SNP data; P < 10
−6
). The finding of high-frequency W→S mutations across different sites in the bee's genome is consistent with bGC (14) but not with other gene-centric evolutionary forces that can mimic bGC. For example, codon bias is unlikely responsible for the high frequency of W→S mutations, because preferred synonymous codons predominantly end with A/T in A. mellifera (13) (Table S1 ). Similarly, deamination of methylated CpGs is unlikely to affect allele frequency spectra in intronic and intergenic regions, because methylation is rare (<1%) outside of exons in A. mellifera (35) .
Recombination is the driver of biased gene conversion (14, 18, 19) , and the bias in gene conversion should be most prevalent in regions of the genome with high recombination rates. However, the recombination landscape is dynamic (36) (37) (38) , and different estimators reflect the recombination rate at different timescales (39, 40) . Current estimates of recombination (8) (9) (10) are not expected to be correlated to historical changes in GC content because recombination events often occur in hotspots (8) that decay over relatively short timescales (36) (37) (38) . Because our primary interest is to understand historical changes to the GC content of the honey bee genome, and given that such changes occur on long timescales (14), we used a population genetic estimate of recombination (39, 40) to test the predicted association between biased gene conversion and recombination. We found that recombination rate was highly associated with a bias in the derived frequency of G/C mutations (Sanger data; χ 2 = 7.8 × 10 2 , df = 1, P = 9.74 × 10 −172 ); the number of strong derived alleles per ancestrally weak site outnumbered the number of weak derived alleles per ancestrally strong site by 2.5 times in high-recombination regions, and the opposite was true in low-recombination regions, where the number of derived weak alleles exceeded that of strong alleles by 3.3 times. Similarly, recombination rate was highly associated with the fixation rate of G/C mutations (Sanger data; odds ratio = 8.2, χ 2 = 45.5, df = 1, P = 1.53 × 10 −11 ). We also observed a strong association between population genetic estimates of recombination rate and GC content at a fine scale-that of individual genes (Sanger data; GC3, P = 0.008; Fig. S3) ; GC-rich genes (>38% GC) experienced 10.9 times higher recombination rates on average compared with GC-poor genes (≤38% GC) and also exhibited a highly significant association with a bias toward fixation of derived G/C mutations (odds ratio = 28.5, χ 2 = 160.36, df = 1, P = 9.45 × 10 −37 ). All four predictions of the bGC model have been observed in our analysis: (i) an increase in the derived allele frequency of strong mutations; (ii) an increase in the fixation rate of derived strong mutations; (iii) the bias favoring strong derived mutations was in both synonymous, intronic, and intergenic sites; and (iv) the bias favoring strong derived mutations was observed in areas of the genome with high rates of recombination. The above lines of evidence provide overwhelming support for the role of recombination and biased gene conversion in shaping the evolution of GC content of the honey bee genome, as established for other organisms (14, 18, 19) .
The honey bee genome exhibits a marked bimodality in GC content, but how is this heterogeneity maintained in the face of strong biased gene conversion? There is obvious bias in the pattern of mutation in the bee's genome, as has been previously hypothesized (13) ; polymorphism rates per base pair at synonymous sites were 6.6 times higher for S→W than for W→S mutations, indicating that the mutation rate is A/T-biased. GCpoor bee genes often contain methylated cytosine bases at CpG dinucleotides that mutate to TpG at increased rates (41), but fixation rates per base pair of CpG→TpG were less than half of CpH→TpH (H = not G; Sanger data; G = 4.07, P = 0.043), indicating that mutation at methyl-CpG sites has not contributed disproportionately to GC loss since the last common ancestor of the Apis spp. examined here. The heterogeneity in GC content can be maintained if mutational biases overwhelm bGC in low-recombination regions, whereas bGC dominates in highrecombination regions. We quantified changes in GC content since the last common ancestor of the Apis spp. studied here (Fig. S4) . In GC-poor areas expected to have low recombination rates, S→W fixations outnumber W→S by 1.7:1 (Sanger data; P = 0.026, two-tailed binomial test), whereas in GC-rich areas expected to have high recombination rates, W→S outnumber S→W fixations by 1.8:1 (P = 0.00003). That is, A. mellifera's GC-rich regions have grown richer, whereas GC-poor regions have grown poorer since the last common ancestor of the species studied herein.
GC Content, Genetic Diversity, and the Rate of Molecular Evolution.
In the previous section, we presented evidence consistent with recombination's causal influence on GC-content evolution via bGC. Recombination is also known to causally affect levels of genetic diversity and divergence (10, 18, 21, 22, 24) . Recombination rates, as estimated using population genetic methods, were marginally associated with patterns of diversity at synonymous sites (Sanger data; r = 0.400, P = 0.059) and significantly associated with both synonymous and nonsynonymous divergence (Sanger data; K s vs. recombination, r 2 = 0.24, Pearson P = 0.019; K s vs. recombination, r 2 = 0.20, Pearson P = 0.033). If recombination concurrently influences GC-content evolution, and the rate of mutations with no effect on GC content and (C) S→W mutations that decrease GC content (n = 23 genes). molecular evolution, we would expect an association between GC content and genetic diversity/divergence in the honey bee. Indeed, nucleotide diversity at synonymous sites was correlated significantly with the GC content of the third codon position in exons (Sanger data; GC3 r = 0.621, P = 0.001; Table S2 ). We validated this by examining the density of SNPs in the sequenced honey bee genome (12) , where the number of synonymous SNPs correlated significantly with a gene's GC3 content (Baylor data; Spearman ρ = 0.377, P < 2.2 × 10
), and the number of intergenic SNPs correlated with GC content in 10-kb windows (Baylor data; ρ = 0.266, P < 2.2 × 10
−16
). Our analyses indicate that GC content is associated with genetic diversity at both genic and intergenic regions in the honey bee genome. We also observed higher levels of genetic divergence between the studied Apis spp. in high-GC genes at both synonymous and nonsynonymous sites (Sanger data; K s vs. GC3: r 2 = 0.40, Pearson P = 0.003 for A. mellifera-A. cerana; r 2 = 0.46, P = 0.001 for A. mellifera-A. florea; K a vs. GC3: r 2 = 0.22, P = 0.036 for A. cerana; r 2 = 0.20, P = 0.048 for A. florea).
Higher levels of diversity and divergence in GC-rich regions were observed in most mammals (16) and can arise through several recombination-associated processes. Low recombination increases linkage disequilibrium in GC-poor regions, which reduces diversity and the pace of molecular evolution because of background selection or Hill-Robertson effects (24) . Conversely, GC-rich regions may evolve rapidly because recombination may be mutagenic (17) , because of higher bGC, and/or because recombination allows natural selection to act more efficiently (23) (24) (25) (26) (27) (28) . Additional studies are needed to differentiate between these nonexclusive hypotheses.
GC Content and Behavior in Honey Bees. High-GC regions in the bee genome experience both higher rates of recombination and higher rates of molecular evolution, making them candidates for rapid evolution of new traits (23, (25) (26) (27) (28) . As an introduction to understanding the relevance of GC-rich genes in the honey bee genome, we compared the predicted functions of such genes using the Gene Ontology (GO) database (42) . Many gene ontology groups contained genes with significantly high GC content after correcting for multiple testing (43) (Dataset S1). Noteworthy is the large number of GO groups associated with neurobiology and behavior that were significantly GC-rich, including neuron migration, neuron fate commitment, and synaptic transmission, as well as steroid hormone receptor activity and lipoprotein transport ( Fig. 2A, Dataset S1 ). These results suggest a link between GC-rich genes and behavior in honey bees-a link that we explore more fully below in light of several rich datasets
We examined microarray experiments comparing brain gene expression in queens and workers (33) , drones and workers (34) , and in two specialized worker castes (nurses and foragers) (34) . Genes with significantly higher expression in the brains of workers relative to queens and drones have the highest GC content (Fig.  2B , P < 0.007); 78.0% of such genes (n = 701) are GC-rich (>38% GC), whereas only 46.8% (n = 389) and 25.3% (n = 1,296) of the genes with significantly higher expression in queen and drones brains are GC-rich, respectively. Genes differentially expressed between nurses and foragers also had higher GC content than nondifferentially expressed genes (GC = 43.0% vs. 36.4%, P = 2.0 × 10
−7
). Further, it was previously observed that genes with patterns of differential brain expression in association with worker behavior have GC-rich transcription-factor binding sites (44) . We also found that transcription factors in a recently elucidated transcription regulatory network (45) underlying division of labor in workers were significantly GC-rich compared with other transcription factors in the bee genome (P = 8.15 × 10
−9
). We can infer that genes associated with worker behavior, as evidenced from microarray experiments, experience high rates of molecular evolution because of the previously reported relationship between GC content and genetic diversity/divergence. We validated this by directly estimating the density of SNPs in genes with significantly higher expression in the brains of worker bees (average 4.3 SNPs/kb, n = 701 genes), which were significantly higher relative to controls (average 2.9 SNPs/kb, n = 2,968; Wilcoxon test: W = 8.24 × 10 5 , P = 5.48 × 10 −24 ). The above analyses demonstrate that genes associated with worker behavior and worker division of labor are predominantly GCrich, have high rates of molecular evolution, and are expected to reside in regions of the genome with high rates of recombination; high levels of genetic diversity provide the fuel for evolution, and high recombination rates render the actions of natural selection on these mutations more efficient (23) (24) (25) (26) (27) (28) .
Is the association between recombination, GC richness, and behavior observed in the honey bee common to other eusocial Hymenoptera? Although detailed genomic, population genetic, and recombination data in closely related species of ants, bees, and wasps are needed to extend the generality of our results, analyses of two ant genomes are consistent with our findings on A. mellifera. We compared the GC content of several GO groups associated with behavior in the honey bee to two ant species (Acromyrmex echiniator and Pogonomyrmex barbatus) and the solitary jewel wasp Nasonia vitripennis (Fig. 3) . These species We generated a smoothed scaled density plot for various groups of genes based on the GC content of coding sequences. (A) Genes from GO "synaptic transmission" (green dashes, n = 42 genes) and "neuron fate commitment" (blue solid, n = 13) illustrate how genes associated with neurobiology and behavior are often GC-rich. (B) Genes with significantly higher expression in the brains of workers (blue, n = 701), queens (green, n = 389), and drones (red, n = 1,296). Worker-related genes have the highest GC content.
have a sequenced genome and a known average genome-wide recombination rate: the jewel wasp has the lowest, whereas the honey bee has the highest average recombination rate. Although there was a clear phylogenetic signal (i.e., GO groups with high GC content in the jewel wasp also had high GC content in the two ants and the honey bee), we detected a highly significant effect of average genome-wide recombination rate on GC content across these species (χ 2 = 18.25, P = 1.93 × 10 −5 ; Fig. 3 ). Higher genome-wide recombination rates were associated with higher GC content of behaviorally related GO groups relative to the average GC content of each genome. As such, the association between recombination, GC content, and behavior observed in the honey bee appears to be a common feature of eusocial hymenopterans.
Conclusions
Our study uncovered intriguing connections between recombination, GC content, molecular evolution, and social behavior in the honey bee. Through analysis of the honey bee genome, we observed (i) a high correlation between recombination rate and GC content, as previously reported (10), but at much finer scales; (ii) a high correlation between recombination rate and the rate of molecular evolution; (iii) a high correlation between GC content and the rate of molecular evolution; and (iv) a remarkable enrichment of genes associated with behavior and genes with worker-biased brain gene expression in GC-rich regions. We also observed that genes with worker-biased brain gene expression have 48% more genetic diversity relative to controls. It is evident from the above direct observations that genes associated with worker behavior and worker division of labor are located in regions of the honey bee genome that experience the highest rates of recombination and molecular evolution-ripe conditions for the evolution of novel traits (23, 25-28).
Our analysis also sheds light on the causes of the honey bee genome's heterogeneous GC content. Recombination is known to affect the evolution of GC content in many eukaryotes via biased gene conversion (14, 18, 19) , and the correlation between recombination and GC content (10 and herein), along with the recent discovery of high rates of gene conversion in the honey bee genome (8) , suggests that biased gene conversion also operates in the bee. We present population genetic evidence, from two independent datasets, that are fully consistent with the hypothesized effects of biased gene conversion. We observed a bias in the allele frequency and fixation rate of derived G/C mutations, especially in regions of the honey bee genome that have experienced high recombination rates. The bias in allele frequency of derived G/C mutations was present at intergenic, intronic, and silent sites, effectively ruling out gene-centric evolutionary processes that can mimic bGC. We also show that recombination and bGC act to protect GC-rich genomic regions from a highly A/T biased mutation rate, thereby maintaining the honey bee's unusual bimodal GC distribution.
We present a coherent dataset establishing strong links between recombination, biased gene conversion, GC-content evolution, and worker behavior in the honey bee. Although we do not provide functional evidence directly showing a transmission advantage of G or C alleles in the offspring of parents with A/G or T/C polymorphisms, which requires genomic analysis of thousands of meiotic products (14), we have demonstrated that mutations in the honey bee genome evolve in a manner that is highly consistent with bGC as established for many other eukaryotes. The most parsimonious interpretation of the strong association between recombination and GC content, recombination and molecular evolution, and GC content and molecular evolution is that recombination plays a causal role in GC-content evolution via bGC (14, 18, 19) . If this is the case, our study suggests that high recombination rates drive the evolution of GC content and the rate of molecular evolution of genes associated with worker behavior in the honey bee.
Our data do not resolve the question of why recombination is associated with eusociality in hymenopterans (5). Wilfert et al. (5) suggested that the evolution of eusociality may select for high rates of recombination, which increase genotypic diversity in workers leading to increased colony fitness. Our study also suggests that higher recombination rates increase the evolutionary rate of genes associated with worker behavior, which may facilitate the evolution of worker specialization and elaboration after caste formation. Both of these proposed benefits can drive the evolution of higher recombination rates after eusociality evolves. Clearly, more genomic and population genetic datasets on other eusocial insects, including other hymenopterans as well as termites, are needed to fully understand the implications of high recombination rate on the evolution of caste-specific genes and caste specialization.
Materials and Methods
Datasets. We analyzed three independent population genetic datasets. Sanger data: we analyzed approximately 16.5 kb of randomly chosen exons sequenced using Sanger technology from 48 diploid A. mellifera workers (96 chromosomes per locus) (31) . We supplemented this dataset by sequencing the same regions in one worker of A. cerana, A. dorsata, and A. florea (Fig.  S1 ). We also included sequences from three genes associated with behavior in A. mellifera (Vg, Erk7, and for; ca. 7 kb) (30) obtained from the same individuals. PCR, sequencing, alignment, and detection of genetic variants in this dataset were described previously (30) . To reduce the influence of demography and human management on our study, we restricted our analysis to 12 A. mellifera scutellata workers (24 chromosomes per locus) sampled from a large and stable feral African population (30, 31) . This dataset was used to estimate genetic diversity within A. mellifera, and divergence between the Apis spp., in addition to determining the allele frequency spectrum of derived strong or weak mutations. SNP data: we analyzed 704 SNPs genotyped in 341 A. mellifera workers and in A. cerana, A. dorsata, and Fig. 3 . A standardized measure of GC content is shown for genes across three behaviorally relevant GO groups relative to the genomic GC content in A. mellifera, A. echiniator, and P. barbatus (all eusocial) and N. vitripennis (solitary). Positive values indicate that the average GC content of genes in a GO group are higher than the average GC content of all genes in a specific genome. The four species are ordered (left to right) by decreasing recombination rates. Across these three GO groups, all social species have higher GC content (relative to the species' genome average) than the solitary N. vitripennis, and the deviation in GC content increases as a function of recombination rate.
A. florea (29, 32) . This dataset was used in determining the allele frequency spectrum of derived strong or weak mutations. Baylor data: we analyzed more than 1 million SNPs discovered in the sequenced honey bee genome, which was derived by sequencing the haploid sons of a single queen (12) using Sanger technology. The SNP sequences are available from Baylor College of Medicine. Perl scripts were used to parse the Baylor dataset to examine the relationship between SNP density and GC content across the honey bee genome. Estimates of SNP density per gene used the total number of SNPs discovered between the start of the first exon to the end of the last exon-including introns.
Phasing and Recombination. We used PHASE v2.1(Matthew Stephens Lab) (46) to infer haplotypes from unphased diploid genotypes from the Sanger data. The program was run using the option −MR0 to specify using the recombination model fit with 1,000 iterations and 100 burn-in steps, with the -X10 option to do 10 independent runs. Priors for runs were defaults (46) except the recombination parameter, which was set 10 times higher than the default to reflect the higher average recombination rate in bees relative to humans (10) . Output files were postprocessed in R 2.10.1 (47) to determine median background estimates of recombination between adjacent sites. Results were cross-checked with estimates from DNAsp 5 (48) . The use of population genetic methods to estimate recombination is well established and is robust to deviation from population genetic assumptions (39, 40) . Nevertheless, to avoid possible biases in our estimates of recombination, we used the following measures. Sequencing errors were reduced through redundancy; each base was sequenced in two independent reactions using forward and reverse primers (30) . We eliminated the confounding effects of population structure, population size changes, and possible artificial selection by restricting our analyses to large, stable, and feral African populations of A. mellifera scutellata (30, 31) . Most of the genes used herein were randomly chosen from the honey bee genome, and this random gene set is unlikely to experience any coherent selective pressures, as shown previously (30, 31) . We did not include genes with fewer than four polymorphic sites in analyses of recombination, to avoid sampling genes with pervasive purifying selection.
GC-Content Classification. Genes with exon GC content >38% were classified as GC-rich, whereas others were classified as GC-poor. This corresponds to a mean GC3 content of 33% and is consistent with previous studies (13) .
Ancestral State Construction. Ancestral states were determined by maximum parsimony; only sites with unambiguous parsimony calls for full codons were included. Out of more than 1,500 SNPs in A. mellifera, we were able to unambiguously determine the ancestral state at 681 SNPs. Coverage was lower in A. dorsata, intermediate in A. florea, and full in A. cerana. Thus, in some interspecies comparisons, only statistics for A. cerana and A. florea are given.
The high frequency of strong (G/C) derived mutations observed herein can arise through sequencing errors, or errors in ancestral state construction (49) . We ruled out sequencing error by reexamining the raw data for 14 highfrequency W→S mutations: All were covered by two independent sequencing reactions, with all three congeners showing the ancestrally weak allele, and most A. mellifera workers showing the strong allele.
If A/T mutations occur more frequently than G/C mutations, as we observed for A. mellifera, it is possible that back-mutations can cause errors in ancestral state construction (50, 51) . Consider the following pattern of change in A. mellifera: A→G, followed by a subsequent mutation back to A. If the population is polymorphic for A and G, we would erroneously infer that G was derived and A was ancestral. The number of miscalls can be estimated from our population genetic data (Sanger data). Because of strong asymmetries in S→W versus W→S fixation and polymorphism rates, we estimated miscalls separately for these two groups, and separately for genes in the lower and upper half of the GC-content distribution. We estimated the number of miscalls following established methods (50) , with the following modifications. We used two models with either eight or four mutation rate parameters per gene set. For the former, we estimated the fixation rate per ancestral base pair for transitions and the polymorphism rate for the reverse transition (i.e., A→G fixation, G→A polymorphism; G→A fixation, A→G polymorphism; C→T fixation, T→C polymorphism; T→C fixation, C→T polymorphism). In the four-parameter model, we grouped A/T mutations and G/C mutations (i.e., W→S fixation, S→W polymorphism; S→W fixation, W→S polymorphism). These mutation rate parameters were used to probabilistically estimate the incidence of back-mutations in our dataset (note: the relative, and not absolute, mutation rate for the different mutation classes was used here). The two models gave almost identical results, so we used the four-parameter model. Overall, we expect to have miscalled 12.6% of W→S and 0.5% of S→W SNPs. We corrected our allele frequency spectra derived from the Sanger and SNP data (Fig. 1, Fig. S2 ) by conservatively moving 12.6% of W→S mutations from high frequency to rare S→W, and 0.5% of S→W mutation from high frequency to rare W→S. All allele frequency spectra presented herein have been corrected using these methods.
Diversity and Divergence. Measures of whole-exon GC3 mean values, synonymous diversity (π s ), and both synonymous and nonsynonymous divergence (K s , K a ) were determined using DNAsp 5 (48) . Perl scripts were used to estimate mean GC content in windows surrounding SNPs.
Gene Ontology and GC. We used orthologs of predicted honey bee genes (12) in the human and the fly (as determined using reciprocal blastp best match) to conduct GO analysis (42) using GO annotations from Biomart Ensembl database (human GRCh37.p3, fly BDGP5.22). We used a false-discovery rate correction (43, 52) , as described elsewhere (53) , for making statistical comparisons of the GC content of GO groups. For comparisons of GO groups among A mellifera, Nasonia vitripennis, Acromyrmex echiniator, and Pogonomyrmex barbatus, we downloaded protein and coding sequences from the Hymenoptera Genome Database and assigned A. mellifera orthologs as described above.
General Statistical Methods. Nonparametric tests were used except where normalizing transformations are indicated in the text. Wilcoxon rank sum tests were used to test for differences in group means. For count data with more than 10 entries per cell, the χ 2 test was used, whereas for tables with lower counts the G-test with Williamson's correction was used. Statistical tests used the R statistics software version 2.10 (47).
Association Between Biased Gene Conversion and Recombination/GC. Polymorphism data: Genes were divided into high or low groups according to whether they were above or below the median recombination rate found in our study. We compared the total number of weak derived synonymous alleles across our study (Sanger data) divided by the number of ancestrally strong synonymous nonvariable bases (from which weak mutations can arise) to the number of strong derived synonymous alleles divided by the number of ancestrally weak synonymous nonvariable bases in the high-and lowrecombination group using a χ 2 test. Fixation data: The number of strong and weak synonymous fixations was counted, as was the number of ancestral weak and strong synonymous sites for each gene. Genes were grouped into high or low groups based on recombination data or GC content as described above. Fixation rates for strong and weak derived mutations were estimated by dividing the number of such mutations by the number of ancestrally weak or strong sites, respectively. A χ 2 test was used to evaluate the null hypothesis of no difference in fixation biases between the high and low group.
Analysis of GC Content and Recombination Across Four Hymenopteran
Genomes. For Fig. 3 , we calculated the GC content of the coding sequence for every predicted gene in each species' genome from published sequences, as well as the median absolute deviation (a nonparametric estimate of spread) of the GC content of genes. For each species, we estimated the median gene GC content of orthologs in a given GO group and subtracted from this the median gene GC for all genes in that species and standardized this difference by dividing by the median absolute deviation of GC content for that species, creating the nonparametric equivalent of a z-score. All four species have known recombination rates (9, 10, (54) (55) (56) [note: P. barbatus is part of the barbatus/rugosus complex and hybrids occur between species; we used the recombination rate determined for Pogonomyrmex rugosus (56) to approximate the P. barbatus rate]. The effect of recombination rate on GC content was examined with GO group as a random factor using Restricted Maximum Likelihood (REML) with the R function lmer, and significance was determined by comparing twice the difference in maximum likelihoods of the reduced and full model to a χ 2 with one degree of freedom.
Analysis of Microarray Studies. Two published datasets were used to examine differentially expressed genes in the bee brain: one compared gene expression of queens and workers using a cDNA microarray derived from a brain EST library (ref. 33 , processed data presented in ref. 41) , and another compared gene expression in drones and workers, and nurses and foragers, using the honey bee's whole genome oligo array (34) . We analyzed only array probes that matched a predicted gene in the honey bee's official gene set (12), representing 1,765 genes in the queen/worker study and 4,811 genes in the drone/worker study. Following established conventions (33, 41, 44) , caste-related genes were defined as those with significantly higher levels of expression (false discovery rate < 0.05) in a specific caste relative to others. We grouped caste-related genes in worker brains relative to queen brains and drone brains. Control genes in each study were those not having significant caste-or sex-biased expression (n = 1,099 and n = 2,937 for the queen/worker and drone/worker study, respectively). We contrasted the GC content of each caste-related or sex-related gene set relative to controls using Wilcoxon's test.
